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We  demonstrate  the  synthesis  of  new  Cu-Sii_xGex  core-shell  nanowire  array  electrodes  by  directly 
depositing  Sii_xGex  layer  on  the  surface  of  pre-synthesized  Cu  nanowire  arrays  via  co-sputtering  method. 
When  used  as  anodes  of  lithium-ion  batteries,  the  Cu-Sii_xGex  (x  =  0.4)  nanowire  array  electrodes  show 
excellent  electrochemical  performance  in  terms  of  cycle  stability  and  rate  capability,  which  is  much  better 
than  that  of  planar  electrodes.  The  improved  performance  can  be  attributed  to  the  good  strain  accommo¬ 
dation,  fast  electron  transport  and  good  electrical  contact  of  the  nanowire  array  electrodes.  The  effect  of 
Ge  content  and  the  thickness  of  alloy  film  on  the  electrochemical  performance  of  the  three-dimensional 
electrodes  have  also  been  investigated. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  are  currently  vital  power  sources  for  a 
variety  of  modern  portable  electronic  devices  and  have  also  promis¬ 
ing  potential  applications  in  electric  vehicles  or  power  tools  [1-3]. 
At  present,  graphite  is  used  as  the  commercial  anode  material  for 
lithium-ion  batteries,  however,  it  has  a  relatively  low  theoretical 
capacity  (372  mAhg-1 )  which  greatly  limits  its  further  application 
in  the  next-generation  lithium-ion  batteries  [4].  Therefore,  search¬ 
ing  new  electrode  materials  with  high  energy  density  and  high-rate 
tolerance  has  attracted  great  interest  [5-8]. 

Group  IV  elements  (Si,  Ge,  Sn,  Pb)  are  believed  to  be  ideal  can¬ 
didates  for  anode  materials  with  respect  to  high  storage  capacity. 
Among  them,  Si  is  most  appealed  because  it  has  the  highest  known 
theoretical  charge  capacity  and  is  the  abundant  reserves  in  earth 
[9].  Various  forms  of  Si  electrode  materials  have  been  tried,  includ¬ 
ing  Si  nanowires,  thin  films,  Cu-Si  core-shell  nanowire  array  and 
3D  porous  particles  [10-13].  However,  they  are  still  not  satisfac¬ 
tory  because  the  slow  kinetics  of  lithium  transport  in  silicon  results 
in  the  poor  rate  capability,  which  limits  their  application  in  high- 
temperature  and  high-rate  lithium-ion  batteries.  Comparing  to  Si, 
Ge  shows  a  relatively  low  capacity  of  1600  mAhg-1  when  exhibit¬ 
ing  a  Li2iGe5  alloy  [14].  However,  the  diffusivity  of  lithium  ions  in 
Ge  is  much  higher  (400  times)  than  that  in  Si  at  room  temperature, 
which  can  lead  to  high-rate  capability  [15].  From  this  point  of  view, 
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the  alloy  Si  with  Ge  may  improve  the  diffusivity  of  lithium  ions 
in  silicon,  which  ultimately  improve  the  rate-capability  of  anode 
materials  for  lithium-ion  batteries. 

It  is  reported  that  an  electrode  based  on  alloy  material  still 
suffers  from  poor  performance  owing  to  large  volume  change 
during  the  charge  and  discharge  process,  which  leads  to  a  loss 
of  electrical  contact  and  eventual  fading  of  capacity  [16].  Sev¬ 
eral  strategies  have  been  proposed  to  improve  the  cyclability  of 
alloy  materials,  including  such  as  using  superfine  alloy,  inter- 
metallic  compounds  and  active/inactive  composite  alloy  materials 
[17-19].  These  approaches  can  only  improve  the  electrochemical 
performance  of  the  alloy  anodes  to  a  limited  extent.  Recently,  sig¬ 
nificant  improvements  in  battery  performance  were  obtained  using 
ordered  active  nanostructures  grown  directly  on  current  collec¬ 
tor  substrates  as  anode.  For  example,  Taberna  et  al.  reported  a 
nano-architectured  Fe304  anode  for  lithium-ion  batteries,  which 
delivered  long  cyclic  life  and  good  power  performance  [20].  Scrosati 
and  co-workers  have  prepared  the  3D  Ni-Sn  nanostructured  elec¬ 
trode  by  electrodeposition  of  NiSn  layer  onto  Cu  nanorods,  which 
exhibits  stable  cycling  capacity  (500  mAh g-1)  [19].  It  is  believed 
that  the  improved  performance  and  high  rate  capability  is  attribute 
to  the  efficient  buffering  of  the  volume  change,  fast  electron  trans¬ 
port  and  good  electrical  contact  of  the  order-aligned  nanostructure. 

Herein,  we  introduce  a  Cu-Sii_xGex  core-shell  three- 
dimensional  electrode  and  demonstrate  its  meaningful 
improvement  in  cycling  life  and  power  rate  capability  for  lithium- 
ion  batteries.  The  effect  of  Ge  content  and  the  thickness  of  alloy 
film  on  the  electrochemical  performance  of  the  three-dimensional 
electrodes  have  been  investigated. 
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2.  Experiment 

2.1.  Synthesis  ofCu  nanowire  arrays  on  Cu  substrate 

Briefly,  Cu  nano-architectured  arrays  on  Cu  substrates  were 
fabricated  by  the  cathodic  electrodeposition  with  anodized  alu¬ 
minum  oxide  (AAO)  templates  with  the  pore  diameters  of  about 
200-300  nm.  Before  using  the  cathode  foil,  the  cathode  Cu  sub¬ 
strates  were  mechanically  polished  with  1.0  |xm  alpha  alumina 
and  0.25  |xm  gamma  alumina  polishing  slurry;  The  electrolyte  sys¬ 
tems  were  consisted  of  CuS04-5H20  100gL-1,  (NH4)2S04  10gL-1, 
diethylenetriamine  (DETA)  40  gL-1.  The  details  of  synthetic  strat¬ 
egy  were  fully  described  in  the  previous  paper  [20]. 

2.2.  Synthesis  ofCu-Sii_xGex  three-dimensional  electrodes  on  Cu 
substrates 

Sii_xGex  film  was  deposited  on  the  surface  of  Cu  nanowire 
arrays  by  the  co-sputtering  of  a  99.99%  pure  germanium  target 
and  a  99.999%  pure  silicon  target  at  a  working  pressure  of  3  Pa. 
The  composition  of  the  Sii_xGex  film  was  adjusted  by  changing 
the  sputtering  power  of  Si  and  Ge.  The  substrates  were  kept  at 
200 °C.  Three  types  of  thickness-controlled  Sii_xGex  thin  films 
were  prepared  for  comparison  by  a  sputtering  time  of  15  min, 
30  min,  60  min,  respectively.  The  chemical  compositions  and  ele¬ 
ment  distributions  of  the  Sii_xGex  electrodes  were  examined  using 
energy-dispersive  spectroscopy  (EDS). 

2.3.  Characterization  and  electrochemical  measurement 

The  morphology  and  structure  of  the  obtained  samples  were 
examined  by  scanning  electron  microscopy  (SEM  HITACH  S4800) 
with  an  energy-dispersive  X-ray  spectrometer  (EDX)  and  transmis¬ 
sion  electron  microscopy  (TEM,  PHILIPS  CM200).  Lithium  foils  and 
the  fabricated  core-shell  nanowire  arrays  were  used  as  the  elec¬ 
trodes  in  coin  type  cells  (CR2025)  with  1  M  LiPF6  in  a  mixture  of 
ethylene  carbonate  (EC)  and  Dimethyl  carbonate  (DMC)  as  the  elec¬ 
trolyte  (EC/DMC,  1 :1,  v/v).  The  cells  were  assembled  in  a  glove  box 
(Mbraun,  Labstar,  Germany)  under  an  argon  atmosphere  and  aged 
12  h  before  measurements. 

A  galvanostatic  cycling  test  of  the  assembled  cells  was  car¬ 
ried  out  on  a  Land  CT2001A  system  in  the  potential  range  of 
1  mV- 1.2  V  at  a  discharge/charge  current  density  of  4000  mAg-1. 
Cyclic  voltammetry  (CV)  was  recorded  on  an  Arbin  BT  2000  system 
at  a  scan  rate  of  0.1  mV  s-1 . 

The  accurate  mass  of  the  active  material  on  the  Cu-nanoarrays 
current  collector  was  examined  using  a  microbalance.  We  mea¬ 
sured  the  masses  of  bare  Cu  substrate,  the  substrate  with  Cu 
nanowire  arrays  and  the  substrate  after  sputtering,  respectively. 
Thus,  the  total  masses  of  the  SiGe  film  could  be  obtained. 

3.  Results  and  discussion 

Fig.  1  shows  the  schematic  illustration  of  the  synthetic 
process  for  Cu-Sii_xGex  core-shell  nanowire  array-based  three- 
dimensional  electrodes.  Briefly,  a  typical  synthetic  procedure 
involves  in  two  steps:  (1)  growth  of  Cu  nanowire  arrays  on  a  Cu 
substrate  via  the  cathodic  electrodeposition  in  an  AAO  template; 
(2)  deposition  of  a  Sii_xGex  layer  onto  the  surface  of  Cu  nanowires 
by  co-sputtering.  Fig.  2a  shows  the  scanning  electron  microscopy 
(SEM)  image  of  the  Cu  nanowire  arrays.  As  observed,  the  uniformly 
distributed  Cu  nanowires  are  well  aligned  and  perpendicular  to 
the  Cu  substrate  with  the  diameters  of  about  200-300  nm  and 
the  lengths  of  about  2-3  [xm.  Fig.  2b  and  c  shows  the  top  and 
cross-section  view  SEM  images  of  as-prepared  core-shell  nanowire 


arrays  with  a  deposition  time  of  30  min.  It  can  be  seen  that  the  diam¬ 
eters  of  the  nanowires  obviously  increase  and  the  surface  of  the 
nanowires  turns  to  be  rough  compared  to  bare  Cu  nanowires,  indi¬ 
cating  the  formation  of  Sii_xGex  (x  =  0.40)  alloy  layer.  Transmission 
electron  microscope  (TEM)  characterization  has  been  performed  to 
further  analyze  the  structure  of  Cu-Sii_xGex  (x  =  0.40)  nanowires.  It 
can  be  seen  from  Fig.  2d  that  a  uniform  alloy  film  with  the  thickness 
of  about  50-80  nm  has  been  deposited  onto  Cu  nanowires,  which  is 
consistent  with  the  SEM  images.  The  EDS  spectrum  in  Fig.  2f  reveals 
that  the  as-prepared  samples  are  composed  of  the  elements  of  O, 
Cu,  Si  and  Ge,  which  may  come  from  the  SEM  grid  and  Cu-Sii_xGex 
core-shell  nanowires,  respectively. 

The  electrochemical  performance  of  the  Cu-Sii_xGex  core-shell 
nanowire  arrays  has  been  systematically  measured.  Fig.  3a  presents 
the  discharge  capacity  versus  cycle  numbers  for  the  Cu-Si!_xGex 
core-shell  nanowire  electrodes  with  different  Ge  contents  at  a 
current  density  as  high  as  4Ag-1.  It  can  be  seen  that  the  ini¬ 
tial  reversible  capacity  for  the  pure  Si  is  about  2142  mAhg-1  and 
dropped  to  823  mAh  g-1  after  75  cycles  with  a  capacity  retention 
of  38.4%,  indicating  the  poor  rate  capability.  When  alloyed  with 
14%  Ge,  the  initial  reversible  capacity  (2074  mAh  g-1 )  decrease  due 
to  the  relatively  low  theoretic  capacity  of  Ge,  however,  the  cyclic 
performance  has  been  enhanced  (1121  mAhg-1  with  54%  reten¬ 
tion).  The  addition  of  Ge  can  improve  the  diffusivity  of  lithium 
ions  and  buffer  the  volume  change  during  the  charge/discharge 
process,  which  may  explain  the  enhanced  cyclic  performance. 
When  the  content  of  Ge  increases  from  14%  to  69%,  the  capacity 
retention  rates  for  Si0.86Ge0.i4,  Sio.75Geo.25*  Si0.6oGe0.40,  Sio.43Ge0.57> 
Sio.31Geo.69  are  54.05%,  67.35%,  76.91%,  61.13%,  57.51%,  respec¬ 
tively.  It  can  be  seen  that  the  capacity  retention  increases  at  the 
initial  stage  with  Ge  increases  from  14%  to  40%,  and  then  decreases 
when  the  content  of  Ge  further  increases.  Previous  papers  have 
demonstrated  that  sputtered  Sii_xGex  films  are  amorphous  and 
the  increasing  content  of  Ge  in  the  alloy  would  make  the  crys¬ 
tallization  of  the  Sii_xGex  film  easier  [21,22].  In  addition,  it  has 
been  reported  that  the  expansion  along  with  lithium  insertion  in 
amorphous  alloys  is  homogeneous,  while  in  crystalline  materials 
is  inhomogeneous  [23].  In  this  case,  some  crystalline  nanoparticles 
may  be  brought  during  the  synthetic  process  of  Si4  _xGex  alloy  when 
the  content  of  Ge  further  increases,  which  induces  inhomogeneous 
volume  expansions  and  cracking  of  the  Sii_xGex  alloy  electrode. 
On  the  other  hand,  the  origin  may  also  relate  to  the  nearly  same 
amount  of  Si  and  Ge  in  the  array  film.  By  the  difference  of  alloy¬ 
ing/dealloying  potentials  of  Si  and  Ge  with  Li,  the  volume  expansion 
ratio  per  the  potential  can  be  minimized.  Besides,  surface  reactions 
could  be  the  reason  for  higher  capacity  retention  for  Si0.6Ge0.4  alloy 
anode  since  there  may  be  some  variation  for  SEI  for  SiGe  at  differ¬ 
ent  Ge  contents.  However,  these  explanations  are  preliminary  and 
need  further  investigation. 

According  to  the  optimized  retention  capacity,  the  specific 
capacity  of  the  Cu-Si0.6oGe0.4o  core-shell  nanowire  arrays  cycled 
as  a  function  of  the  cycle  number  have  been  tested  at  a  high 
rate  of  4Ag-1  at  room-temperature  (Fig.  3b).  It  can  be  seen 
that  the  discharge  of  the  first  cycle  shows  a  high  capacity  of 
about  3954  mAh  g-1,  which  is  larger  than  the  theoretical  value 
(3160  mAhg-1 ).  The  extra  capacity  was  plausibly  attributed  to  the 
formation  of  a  surface-electrolyte  interphase  (SEI)  film  due  to  elec¬ 
trolyte  decomposition  [24,25].  The  second  discharge  and  charge 
capacities  were  determined  as  1958  and  1772  mAh  g-1,  respec¬ 
tively,  giving  a  Coulombic  efficiency  up  to  91.5%  which  is  much 
higher  than  the  previous  reported  Si  nanowire  electrodes  [10]. 
Moreover,  the  Coulomb  efficiency  reached  95.6%  at  the  fifth  cycle 
and  kept  steadily  more  than  96%  thereafter.  Besides,  A  discharge 
capacity  as  high  as  1 506  mAh  g-1  after  75  cycles  with  the  retention 
of  about  76.9%  can  be  noticed,  indicating  the  high  reversibility  of  the 
Cu-Si0.6oGe0.4o  core-shell  nanowire  arrays.  The  rate  capability  of 
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Cu  nanowire  arrays 


Cu-Six.xGexCore  -shell 
nanowire  arrays 


Fig.  1.  Schematic  illustration  for  synthesis  of  a  Cu-Sii_xGex  three-dimensional  electrode. 


the  three-dimensional  electrode  has  been  further  studied  as  shown 
in  Fig.  3c.  It  can  be  seen  that  the  Cu-Si0.60Ge0.40  core-shell  nanowire 
array  electrode  reveals  the  good  cyclability  at  0.63  C  (2  Ag-1 )  with 
a  reversible  capacity  around  2000  mAh  g-1  and  Coulombic  effi¬ 
ciency  of  96.2%.  With  the  increased  current  rate  from  1 .25  C  to  2.5  C 
and  5  C,  the  reversible  capacities  were  1855, 1733,  1592  mAh  g-1, 


respectively.  Even  at  a  current  density  as  high  as  1 0  C  (32  A  g_1 ),  the 
electrode  could  deliver  a  stable  capacity  of  about  1348  mAh  g-1. 
When  the  current  density  has  been  reset  to  2.5  C,  99.1%  capac¬ 
ity  retention  could  be  obtained,  indicating  the  superior  rate 
cyclability  of  the  as-prepared  Cu-Si0.6oGe0.4o  core-shell  nanowire 
electrode. 


Fig.  2.  (a)  SEM  image  of  a  Cu  nanowire  array  current  collector,  (b),  (c)  top-view  and  cross-section  view  SEM  images  of  Cu-Sii_xGex  (x  =  0.40)  core-shell  three-dimensional 
electrode;  (d),  (e)  STEM  and  TEM  images  of  Cu-Sii_xGex  (x  =  0.40)  core-shell  nanowires;  and  (f)  EDX  spectrum  of  the  Cu-TEM  images  of  Cu-Sii_xGex  (x  =  0.40)  core-shell 
nanoarrays  three-dimensional  electrode. 
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Fig.  3.  (a)  Cycling  performance  of  Cu-Sii_xGex  core-shell  nanoarrays  three  dimensional  electrodes  with  various  ratios  of  Si  and  Ge;  (b)  discharge  and  charge  capacities  versus 
cycle  number  for  the  Cu-Sii_xGex  ( x  =  0.40)  core-shell  three-dimensional  electrode  at  the  rate  of  4000  mAg-1 ;  (c)  cycling  performance  at  various  C  rates  of  the  Cu-Si0.6oGe0.4o 
core-shell  nanowire  three-dimensional  electrode;  and  (d)  the  first  three  CV  curves  of  the  Cu-Sii_xGex  (x  =  0.40)  three-dimensional  electrode  at  a  scan  rate  of  0.1  mV  s-1  and 
a  temperature  of  20  °C. 


Fig.  4.  SEM  images  of  different  thickness-controlled  Sii_xGex  (x  =  0.40)  thin  films  on  cu  nanoarray  current  collectors  after  deposited  Sii_xGex  alloy  film  for  (b)  15  min,  (c) 
30  min,  and  (d)  60  min,  respectively. 
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Cyclic  voltammetry  (CV)  measurements  were  carried  out  to 
understand  the  electrochemical  reactions  during  charging  and  dis¬ 
charging  process.  The  first  three  CV  curves  of  the  Cu-Si0.6oGeo.40 
nanowire  array  electrode  tested  with  a  scanning  rate  of  0.1  mV  s-1 
in  the  potential  range  of  0-1.2  V  is  shown  in  Fig.  3d.  During  the 
first  discharge  (Li  alloying)  process,  the  peak  locate  at  the  poten¬ 
tial  of  0.42  and  0.1  V  can  be  attributed  to  the  decomposition  of 
Si0.6oGe0.4o,  the  formation  of  the  SEI  film  and  LixM  (M  is  Si  and  Ge) 
alloy,  respectively.  In  contrast,  there  are  two  high  current  peaks 
occurring  at  about  0.39  and  0.50  V  in  the  reduction  process.  Previ¬ 
ous  papers  have  shown  that  the  dealloying  reactions  of  Li-Ge  would 
appear  around  0.4  V  [4,26],  which  agree  well  with  the  CV  results. 
Anodic  peaks  at  around  0.4  and  0.5  V  are  attributed  to  the  deal¬ 
loying  reactions  of  Li-Si  [27].  In  the  second  and  third  cycles,  the 
CV  curves  show  almost  no  change,  suggesting  high  reversibility  of 
the  Cu-Si0.6oGe0.4o  three-dimensional  electrode  in  the  subsequent 
cycles. 

The  effects  of  the  thickness  of  films  on  the  electrochemical 
performance  of  Cu-Sii_xGex  three-dimensional  electrodes  have 
also  been  investigated.  Fig.  4  shows  the  SEM  images  of  a  series 
of  Cu-Sii_xGex  (x  =  0.40)  nanowire  arrays  with  different  Sii_xGex 
thickness  by  adjusting  the  depositing  conditions.  It  can  be  seen 
from  Fig.  4b  that  the  surface  of  the  nanowires  turns  slightly  rough 
with  a  sputtering  time  of  1 5  min  compared  to  the  pure  Cu  nanowire 
(Fig.  4a),  indicating  that  a  thin  Si0.6oGe0.4o  layer  may  be  coated 
on  the  surface  of  the  Cu  nanowires.  When  the  sputtering  time 
increases  to  30  min,  the  deposited  alloy  layer  becomes  denser  and 
thicker  (Fig.  4c),  suggesting  the  formation  of  uniform  core-shell 
structure.  If  the  deposition  time  is  further  prolonged  to  60  min, 
the  excessive  Sii_xGex  (x  =  0.40)  film  covers  on  the  top  of  Cu 
nanowire  arrays  as  observed  in  Fig.  4d.  Cycling  performance  of 
the  Cu-Si0.6oGe0.4o  core-shell  three  dimensional  electrodes  with 
different  thickness  have  been  tested  under  the  same  conditions 


Cycle  Number 

Fig.  5.  Discharge  and  charge  capacity  versus  cycle  number  of  three  types  of  products. 


(4000  mAg-1).  Fig.  5  exhibits  the  discharge  capacity  versus  the 
cycle  numbers  for  the  three  Cu-Si0.6oGe0.4o  electrodes  with  a  sput¬ 
tering  time  ranging  from  1 5  min  to  60  min.  It  is  indicated  that  the 
electrode  with  the  sputtering  time  of  1 5  min  continuously  degrades 
after  75  cycles  with  a  capacity  of  1276  mAh  g-1  since  the  thinner 
Sii_xGex  (x  =  0.40)  layer  may  suffer  severely  from  the  irreversible 
surface  reaction.  For  the  sample  sputtered  for  30  min,  the  electrode 
shows  the  excellent  cycling  stability,  which  could  be  explained 
by  the  above-mentioned  advantages  of  the  nanowire  array  three- 
dimensional  electrodes.  When  the  depositing  time  of  Sii_xGex 
(x  =  0.4)  further  increases  to  60  min,  excessive  Sii_xGex  would  cover 
the  top  of  Cu  nanowires,  suggesting  that  there  is  insufficient  space 
for  buffering  the  volume  expansion  of  electrode  during  cycling. 
As  a  result,  the  capacity  fading  is  inevitable  because  this  sample 


Fig.  6.  (a)  Cycling  performance  for  the  Cu-Sio.60Geo.40  core-shell  nanowire  array  collector  and  the  Cu-Si0.6oGeo.4o  him  on  a  plane  Cu  current  collector  at  the  current  density 
of  4000  mAg-1 ;  (b)  Nyquist  plot  for  plane  electrode  and  three  dimensional  electrode,  respectively;  (c)  SEM  image  of  the  Si0.6oGeo.4o  film  on  a  Cu  substrate  after  20  cycles; 
and  (d)  SEM  image  of  the  Cu-Si0.60Ge0.40  three-dimensional  electrode  after  20  cycles. 
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fails  to  take  advantage  of  the  merits  of  the  superior  array  structure 
efficiently. 

In  order  to  intuitively  illustrate  the  advantages  of 
Cu-Si0.6oGe0.4o  core-shell  nanowire  arrays  as  three-dimensional 
electrodes,  electrochemical  performance  of  the  three-dimensional 
electrode  and  plane  electrode  have  been  tested  under  the  same 
condition  for  comparison.  It  can  be  seen  from  Fig.  6a  that  the 
Si0.6oGe0.4o  layer  on  a  planar  Cu  substrate  shows  the  rapid  capac¬ 
ity  decline  and  gives  a  capacity  of  715mAhg-1  after  75  cycles. 
By  contrast,  the  Cu-Si0.6oGe0.4o  three-dimensional  electrode 
exhibits  much  larger  capacity  and  better  cycling  performance 
than  the  plane  electrode,  indicating  the  advantages  of  the  three- 
dimensional  electrode.  The  AC  impedance  measurements  (Fig.  6b) 
were  performed  on  the  above-mentioned  two  electrodes  after 
5  cycles.  All  the  spectra  consist  of  a  depressed  semicircle  in  the 
high-to-medium  frequency  range  and  a  straight  line  in  the  low 
frequency  range.  The  charge  transfer  resistance  is  responsible 
for  the  observed  chord  of  the  arc  as  a  consequence  of  the  charge 
transfer  process  at  the  alloy/electrolyte  interface.  It  is  clear  that  the 
diameter  of  the  semicircle  in  the  Cu-Si0.6oGe0.4o  three-dimensional 
electrode  is  significantly  small  than  that  of  the  plane  electrodes, 
revealing  lower  charge-transfer  impedances.  The  array-structure 
leads  to  a  smaller  charge  transfer  resistance  and  thus  reduces 
the  total  cell  resistance,  which  leads  to  the  high  rate  capability 
Cu-Sii_xGex  three-dimensional  electrodes.  For  further  identify 
the  advantage  of  three  dimensional  electrodes,  the  SEM  analysis 
of  the  planar  electrode  and  three-dimensional  electrode  after  20 
cycles  were  performed  (Fig.  6c  and  d).  It  can  be  seen  that  the 
three-dimensional  electrode  maintains  the  array  architecture  and 
no  appreciable  change  in  morphology  can  be  noticed,  while  strong 
cracks  develop  over  the  whole  surface  of  the  coating  layer  in  the 
planar  electrode.  Therefore,  the  Cu-Si0.6oGe0.4o  three-dimensional 
electrode  is  considered  to  be  the  good  stability,  good  electrical 
contact,  and  fast  electron  transport,  which  may  be  responsible  for 
the  improved  electrochemical  performance. 

4.  Conclusion 

In  summary,  Cu-Sii_xGex  core-shell  nanowire  arrays  have 
been  successfully  synthesized  by  directly  depositing  Sii_xGex  layer 
on  the  surface  of  pre-synthesized  Cu  nanowire  arrays  via  a  co¬ 
sputtering  method.  When  applied  as  anode  materials  of  lithium-ion 
batteries,  the  composition  and  thickness  of  the  Sii_xGex  layer  have 
been  adjusted  to  optimize  the  electrochemical  performance.  The 
optimized  Cu-Si0.6oGe0.4o  three-dimensional  electrode  shows  a 
high  initial  Coulombic  efficiency  of  91.5%  and  an  initial  reversible 
capacity  of  1958  mAh  g-1  at  a  current  density  of  4Ag-1.  After 
75  cycles,  it  delivered  a  reversible  capacity  of  1506  mAh  g-1 


with  capacity  retention  of  76.91%.  When  the  Cu-Si0.6oGe0.4o 
three-dimensional  electrode  has  been  tested  at  a  higher  current 
density  (32  A  g-1),  it  can  still  deliver  a  stable  capacity  of  about 
1 348  mAh  g_1 .  It  is  believed  that  the  excellent  electrochemical  per¬ 
formance  can  be  attributed  to  the  good  strain  accommodation,  fast 
transport  of  electron  and  good  contact  to  the  current  collector  of 
the  optimized  three-dimensional  electrodes. 
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